Durability of surfaces has been reported as the main factor affecting tribological behavior of steam oxidised sintered iron. The presence of surface pores and their negative influence on load bearing capacity, suggest that surface topography might play an important role on the durability of the oxide layer. In this paper, the influence of compaction pressure and powder grade on surface topography, and as a consequence, its effect on the tribological behavior of steam oxidised sintered iron has been analysed. Specimens prepared from atomised iron powders with different sizes were compacted using 4 different pressures, sintered, and then subjected to steam treatment. Tribological characterisation was carried out in a reciprocating sliding wear test. Although the processing parameters affected the surface topography to a considerable extent, the main influence may be attributed to powder grade. A strong influence of surface topography on the durability distance, evaluated in terms of the evolution of contact resistance with total sliding distance, has been highlighted. Surfaces which were smoother and had high load-carrying capacity were always associated with a higher durability distance.
Introduction
Sintered iron-based materials have been used for load bearing parts in sliding contact such as plain bearings, gears and brake linings, because of their good mechanical properties and low cost when produced in high volume 1, 2 . In addition to a reduction in strength and, as a consequence, in load bearing capacity, the presence of pores might influence in a number of ways the wear mechanisms acting on the surfaces of parts produced by powder metallurgy [3] [4] [5] [6] [7] [8] . In the sintering industry, steam oxidation is a frequently used secondary operation, with fairly low production costs which require little attention during operation 9 . While initially used with the purpose of sealing the network of interconnected pores and thus making the component impervious to liquid and gases, steam treatment is claimed to improve other properties of sintered iron.
The oxide formed on the surface and in the interconnected pores is reported to provide an increase in hardness and in mechanical properties as a whole, and wear resistance in particular, a decrease in friction coefficient and an increase in corrosion resistance in moderately aggressive environments [9] [10] [11] [12] . Oxidation conditions are relatively well established which yield sintered iron products with the required properties [9] [10] [11] [12] [13] [14] [15] . The effect of compaction pressure and powder grade on the microstructure and hardness of steam oxidised sintered iron has been extensively described in a recent paper by De Mello and co-authors 16 . A clear influence of the processing parameters on porosity and oxide content was highlighted. Low porosity was always associated with high compaction pressure and larger powder size. Pore size was affected in the same way by compaction pressure, even though the powder size had the opposite effect. Changes in compaction pressure and powder size had no significant effect on pore shape. The mean free path between pores increased with the powder grade (particle size) and reached a maximum as the compaction pressure increased. The value of this maximum increased as the powder grade decreased.
As expected, for a constant compaction pressure, the mean free path between pores decreased almost linearly with porosity. The amount of oxide formed inside the interconnected pores decreased as the compaction pressure and powder size increased. Further, the oxide content was strongly dependent on porosity. Although the steam treatment had a strong influence on macro hardness, it was not affected by the presence of surface oxide. The oxide inside the interconnected pores, by contrast, had a considerable effect on hardness. Decreasing powder size always lead to high hardness. Samples produced with powders of smaller size showed a continuous decrease in hardness as the compaction pressure increased, although for the large sized powder there was a slight increase, to a constant value, in ultimate hardness. For the intermediate powder size a maximum hardness was obtained as the compaction pressure increased. No general correlation was found between processing parameters and micro-hardness of the oxide layer itself or the ferrous matrix. Nevertheless, the oxide layer produced considerable surface hardening.
There have been few tribological studies of steam treated components [17] [18] . Important contributions include the recent work of Straffelini and Molinari 2, 11, [19] [20] [21] . They studied the effect of sliding speed on the dry sliding behavior of sintered and steam oxidised iron and iron based alloys. They found that the wear rate was low and independent of the chemical composition of the specimens as long as the oxide layer, produced by the steam oxidation, is able to perform a lubricating action between the sliding surfaces.
These authors have analysed the effect of load on the tribological behavior of steam treated iron based alloys and introduced the concept of durability distance 20 . The concept of surface durability was related to the wear resistance of the oxide layer on the external surface and reported to be the main factor affecting tribological behavior [20] [21] . If the layer remains undamaged on the surface, wear resistance is higher, and greater than that provided by conventional heat treatment or case hardening 21 .
As pointed out by Molinari and Straffelini 20 the presence or absence of an undamaged layer of oxide on the surface was of paramount importance to the tribological behavior of iron-based steam oxidised alloys.
De Mello and Hutchings 22 recently reported the influence of compaction pressure and powder grade on the surface durability of steam treated sintered iron. The tribological characterisation was carried out in a reciprocating ball-on-flat wear test. A strong influence of the processing parameters on durability distance, evaluated by means of changes in contact resistance was identified. The most durable layers were obtained by the combination of high compaction pressure with fine powder grade. For the same powder grade, an increase in compaction pressure lead to a large increase in durability distance. On the other hand, for the same compaction pressure, an increase in powder size gave rise to a marked reduction in durability. By analysing the wear mechanisms they concluded that the removal of the surface oxide layer resulted from its transfer to the counter-body and the localised formation of small particles of debris. Some of the particles were trapped by the pores and some were fragmented and deformed, starting the process of pore closure. They showed that pore closure played a very important role in surface durability. In the low durability samples, some pores remained open at the surface and acted as preferential sites for the generation and trapping of wear debris, enhancing the process of oxide and metallic debris generation and thus, decrease in surface durability.
The surface of steam oxidised sintered iron parts is affected by the level of porosity and may be quite irregular. The presence of surface pores and their negative influence on the load bearing capacity and surface durability might suggest that surface topography also plays an important role on the durability of the oxide layer.
In this paper, the influence of compaction pressure and powder grade on surface topography, and as a consequence, its effect on the tribological behavior of steam oxidised sintered iron, have been studied.
Experimental Procedure
Specimens were produced from Ancor Steel 1000B Höganäs atomised iron powder. The powder was sieved into four different size fractions (particle diameter < 65 m, 65-90 m; 90-125 m and >125 m) leading to four different powder grades (denoted 1 to 4 respectively). After mixing with 0.8 wt. (%) zinc stearate as a lubricant, the powders were compacted at four different compaction pressures (300, 400, 500, 600 MPa) with a double action automatic press, in such a way that the surfaces to be tested were in contact with the moving punch.
The samples were designated as Axy where x is compaction pressure divided by 100 and y is the powder grade. For example: A34 denotes 300 MPa, > 125 m; A61 denotes 600 MPa, < 65 m). The resulting compacts, 50 mm in length by 10 mm width with height depending on compaction pressure and powder grade, were sintered in an industrial furnace in a mildly reducing atmosphere (N 2 + 10% H 2 ) at 1120 °C for 25 -30 minutes. After cooling to room temperature the samples were steam treated. The steam treatment was carried out at 540 °C for 2 hours in a continuous industrial furnace.
The surface topography measurements were carried out with a Wyko 3D non-contact optical profilometer in the vertical scanning mode. The surface topography was characterised in terms of roughness (R q ), wavelength of the irregularities ( q ) and bearing area associated parameters (R k , R pk and R vk ).
The roughness was evaluated from:
where R q is the three-dimensional root mean square (r.m.s.) roughness, Z is the height of the irregularities on the surface, M and N are the number of data points in each direction of the array.
Additionally, the wavelength of the irregularities ( ) was calculated from:
where q is the r.m.s. average wavelength, R q is the three-dimensional r.m.s. roughness and q is the r.m.s. average slope of the profile. The average slope is given by the following equations:
where N is the number of sampling points in the evaluation length and i is
where d o is the sampling interval between the profile points. The bearing area associated parameters (R k , R pk and R vk ) are illustrated in Figure 1 .
The reduced peak height (R pk ) relates to the top portion of the surface which will be worn away in the running-in period of a porous iron bearing. It can be combined with other parameters derived from the bearing ratio to provide criteria for the ability of a surface to support a load or resist wear. The core roughness depth (R k ), represents the working part of a surface and will carry the load after the initial running-in period. The reduced valley depth (R vk ) is represented by the lowest part of the surface and has the function of retaining the lubricant. Their definitions and calculation procedures are described in detail in the literature 23 . The measurements were made in high resolution mode corresponding to an area of 1.0 by 1.3 mm. The results represent an average of at least four measurements for every sample.
The tribological characterisation was carried out in a reciprocating wear test, previously described 22 . The friction force (via load cell) and contact resistance between the sliding surfaces were continuously monitored and logged, through a 12 bit A/D card, on to a microcomputer. The coefficient of friction was calculated from the recorded tangential force and the normal load applied to the specimen. The durability of the oxide layer was determined by penetration of the surface oxide and was defined as the sliding distance at which the value of the contact resistance was < 50 for at least 10 seconds 22 . To study the wear mechanisms and oxide layer durability, the specimen surfaces were examined in a Jeol 820 scanning electron microscope at a tilt angle of 35° and by vertical scanning optical interferometry (Wyko 3D).
The tests were performed at a normal load of 12.30 N. The load was optimised to give good discrimination between specimens with test times which were not unduly long 22 . The test duration was thus fixed at either 1200 seconds or 1800 seconds, depending on the durability of the oxide layer.
The counter-body was a 12.7 mm diameter AISI 52100 hard steel ball. The ball surface was used in the as-received condition and a new surface region was used for each test. Before the tests, balls and samples were thoroughly cleaned with ethanol followed by acetone in an ultrasonic cleaner, and then dried in hot air.
The test conditions are listed in Table 1 . The results shown represent an average of at least five tests under identical experimental conditions. 
Results and Discussion

Surface topography
As a consequence of the processing parameters, which led to a high level of porosity, the surfaces of the samples were quite irregular. Figure 2 shows some typical aspects of the surfaces at magnifications corresponding to a macro-scale (by vertical scanning interferometry) as well as a micro-scale (by scanning electron microscopy). The presence of pores, although partially blocked by the iron oxide, considerably affects the surface topography. SEM shows, in addition, that the oxide layer covers the surface uniformly, including within the pores.
The variation of the root mean square (r.m.s.) roughness (R q ) with the processing parameters is presented in Figure 3 . As shown by the micrographs, the surfaces are quite rough. Although the roughness decreases slightly with increasing compaction pressure, powder grade has a significant influence. The roughness increases to a relatively constant value as the powder size increases. Even the smallest compaction pressure (300 MPa) is significantly higher than the yield stress of pure iron (180-220 MPa). During the compaction process, the surfaces of the powder particles in contact with the moving punch are flattened by compressive deformation. The surface is therefore composed of flattened regions originating from the deformed iron particles, and inter-particle valleys, corresponding to the pores.
Increase in compaction pressure, despite its strong effect in reducing porosity 16 , does not significantly affect the plateaux and thus the roughness. Increase in powder size, apart from affecting surface topography as a whole, produces deeper pores and, as a consequence, increased roughness.
For complete characterisation of the surface texture it is necessary to describe the way in which the hills, plateaux and valleys are distributed across the surface. Among the possible parameters that could serve as a 'horizontal descriptor', the r.m.s average wavelength ( q ), which represents the openness or closeness of the texture 23 , is perhaps appropriate for the study of wear of sintered materials. It is a measure of the distance between local peaks and valleys, taking into account their relative amplitudes and individual spatial frequencies; q is related to the power spectrum and represents a weighted mean of the Fourier spectrum. The correlation between the processing parameters and q as well as the reduced peak height (R pk ), obeys the same general trends as seen for roughness (Figure 4) . Again, the powder grade is the main factor affecting surface topography. Increasing the compaction pressure produces a slight decrease in both the r.m.s. average wavelength ( q ), and the peak height (R pk )
The reduced peak height (R pk ) relates to the top portion of the surface which will be worn away for a porous iron bearing in the running-in period. It can be combined with other parameters derived from the bearing ratio to provide criteria for the ability of a surface to support a load or resist wear. The core roughness depth (R k ), relates to the working part of a surface, which will carry the load after the initial running-in period. These parameters have been reported to correlate the life and performance of parts in sliding wear 23 . Increasing the powder size leads to an increase in R k to a constant value ( Figure 5-b) . The influence of compaction pressure on R k is shown in Figure 5 -a.
In general, R k decreases as the compaction pressure increases. A critical level is evident, leading to two different magnitudes of core roughness depth.
Tribological behavior
The durability distance of the oxide layer varied strongly with the r.m.s. roughness, as shown in Figure 6 . The results are spread between upper and lower bounds. In a general manner, lower values of r.m.s. roughness are associated with higher durability distance. Increasing the r.m.s. roughness leads to a rapid decrease in durability distance, which then becomes nearly independent of r.m.s. roughness. As stated before, the r.m.s. roughness is a measure of the amplitude of the irregularities of the surface and gives no information as to their shape. The durability of the surface oxide layer is strongly dependent on pore closure 22 which in turn depends on the formation of small particles of debris. As the quantity, size and closeness of the pores can play a role in the pore closure process, it seems that the r.m.s average wavelength, a hybrid parameter determined from both amplitude and spacing information, should be a more useful parameter to establish the effect of surface topography on surface durability. Figure 7 shows the relationship between the r.m.s. average wavelength and the durability distance.
Again, a spread in the results is evident. The variation of the durability distance with the r.m.s. average wavelength shows the same general behavior as for the r.m.s. roughness, indicating that the closeness of the pores does not have an important influence on the durability distance.
The effect of bearing ratio associated parameters on the durability distance is presented in Figure 8 . Increase in these parameters correlates with rapid degradation of the surface oxide layer during sliding.
On the other hand, the surface durability, represented by the durability distance, is strongly associated with the removal of the surface oxide layer. The removal of this layer is gradual and results from local detachment of fine debris. Some of the debris is trapped by the pores and some are fragmented and deformed, due to the high compressive pressures acting at the contact, starting the process of pore closure. As a consequence, the surface of the wear scar becomes progressively smoother 22 . It is reasonable to suppose that the top portion of the surface can act as preferential sites for the generation of debris, which combined with pore closure, can explain the strong effect of surface topography on the surface durability.
It is interesting to note that although the analysis of the durability distance in terms of microstructure and processing parameters has (c)
shown that the most durable layers were obtained by the association of high compaction pressure with a small powder grade, the present analysis indicates that the use of small powders is more effective in controlling the topographical features. In fact, the present results clearly show that reducing powder grade always leads to lower values values of r.m.s. roughness, r.m.s. average wavelength, reduced peak height and core roughness depth, which in turn induce higher surface durability. Further, the evolution of these parameters with powder grade is nearly linear, suggesting that the powder grade should be a more convenient variable from an industrial point of view.
Conclusions
1. Although the processing parameters significantly affected the surface topography, the main influence was from powder grade. The r.m.s. roughness decreased slightly with increasing compaction pressure, and increased to a relatively constant value as the powder size increased. The correlation between the processing parameters and r.m.s average wavelength, as well as the reduced peak height, obeyed the same general trend. Increasing the powder size led to an increase in core roughness depth to a constant value. In general, core roughness depth decreased as the compaction pressure increased. 2. The durability distance of the oxide layer was determined in a reciprocating dry sliding test against a hard steel ball and was strongly influenced by surface topography. Smoother surfaces with a high load-carrying capacity were always associated with greater durability distance. Increasing the r.m.s. roughness led to a rapid decrease in durability distance, which then became nearly independent of r.m.s. roughness. The variation of the durability distance with r.m.s. average wavelength showed the same general behavior. Increasing bearing ratio associated parameters led to rapid degradation of the surface oxide layer.
